Introduction
============

Nonplanar polycyclic aromatic hydrocarbons (PAHs) are an important class of π-conjugated materials. Various curved architectures of PAHs have been investigated in order to endow such PAHs with new properties.[@cit1]--[@cit4] The field of negatively curved PAHs is growing rapidly, in large part because the saddle-shaped π-skeletons of such compounds reduce molecular aggregation compared to their flat analogues. They also often exhibit dynamic conformations and unique physical properties. Negatively curved PAHs generally embed a heptagon or an octagon in fused hexagonal π-skeletons of *e.g.* didehydrohexa\[7\]circulene and its analogues,[@cit5],[@cit6] \[7\]circulene,[@cit7] and \[8\]circulene.[@cit8] Recently, π-extended \[7\]circulene and \[8\]circulene derivatives have been synthesized, which include tetrabenzo\[7\]circulene,[@cit9] tetrabenzo\[8\]circulene and its derivatives,[@cit10]--[@cit12] as well as a giant twisted nanographene with an \[8\]circulene as the core structure.[@cit13] Furthermore, embedding two heptagons in the fused π-system can lead to even more exotic structures of negatively curved PAH such as \[7,7\]circulene[@cit14] and new saddle-shaped PAHs.[@cit15],[@cit16]

We have previously reported a warped nanographene (**WNG**; [Fig. 1](#fig1){ref-type="fig"}) bearing five heptagons,[@cit17] which exhibits a saddle-shaped structure, high solubility, intense fluorescence, and reversible multi-redox properties. We have also elucidated the reaction pathway for the formation of **WNG**, which provides the details of heptagon formation with a corannulene core during the Scholl reaction.[@cit18] More recently, we have used a sequential C--H functionalization and cross-coupling reaction for the functionalization of **WNG** in order to develop a water-soluble **WNG**.[@cit19] Given the long fluorescence lifetime in water, the excellent photostability, and the low cytotoxicity, we were able to demonstrate the use of water-soluble **WNG** in live-cell imaging and photo-induced cell death.

![Warped nanographene, quintuple \[6\]helicene, and their thiophene-fused analogues **1** and **2**.](c8sc04470h-f1){#fig1}

Fusing thiophene into the π-conjugated skeleton of PAH affects its electronic and optical properties as well as its structure. Replacing benzene with thiophene in the curved π-system of \[8\]circulene affects its band gap and the aromaticity. However, the thiophene-fused \[8\]circulene analogue forms a planar structure.[@cit20],[@cit21] Similar results were observed for \[7\]circulene when thiophenes are fused.[@cit22] Yet, fusing thiophene into the core structure of negatively curved PAHs while retaining their negatively curved structure remains synthetically challenging.

Multiple helicenes and their thiophene-fused analogues (multiple thiahelicenes) also constitute an important class of nonplanar π-systems.[@cit23] Their unusual twisted conformations and three-dimensional intermolecular interactions have spurred substantial scientific interest to study their dynamic structures as well as their chiroptical and electronic properties.[@cit24]--[@cit28] Several synthetic strategies have been developed for the construction of multiple (thia)helicenes,[@cit29]--[@cit32] and these (thia)helicenes have found promising applications in *e.g.* asymmetric catalysis, electronic devices, and liquid crystals.[@cit33]--[@cit37]

Herein, we report the synthesis of thiophene-containing **WNG** and quintuple helicenes. PentathiaWNG (**1**; [Fig. 1](#fig1){ref-type="fig"}) was successfully obtained from the Scholl reaction of a pentakis(thienylphenyl)corannulene, and its saddle-shaped structure was confirmed by X-ray crystallography. In contrast, decathiaQH (**2**; [Fig. 1](#fig1){ref-type="fig"}) was obtained instead of the expected decathiaWNG from the same treatment of a pentakis(thienylthienyl)corannulene. As **2** is a thiophene-containing analogue of quintuple \[6\]helicene (**QH**; [Fig. 1](#fig1){ref-type="fig"}),[@cit38] the structural features of **2** were investigated by density functional theory (DFT) calculations.

Results and discussion
======================

Synthesis and structure
-----------------------

PentathiaWNG (**1**) was obtained from a sequential cross-coupling reaction and cyclodehydrogenation as shown in [Scheme 1a](#sch1){ref-type="fig"}. Initially, pentakis(Bpin)corannulene (**3**)[@cit39] was coupled with 2-(2-bromophenyl)-5-methylthiophene (**4**) *via* a Pd-catalyzed Suzuki--Miyaura coupling to afford **5** in 90% yield. Subsequently, the oxidative cyclodehydrogenation reaction (Scholl reaction) of **5** using *p*-chloranil and methanesulfonic acid (MsOH) generated **1** in 40% yield. Scholl reactions of the analogue in which the methyl groups of **5** were replaced with hydrogen atoms resulted in the formation of a complex mixture, which suggests that the methyl groups might work as efficient protecting groups for the highly reactive α-positions of the thiophene moieties. Single crystals of **1** were obtained by recrystallization from 1,1,2,2-tetrachloroethane, and the structure of **1** was confirmed by X-ray crystallography ([Scheme 1b](#sch1){ref-type="fig"}). PentathiaWNG **1** exhibits a saddle-shape structure due to the presence of five heptagons. The packing mode of **1** in the crystalline state is characterized by segregated stacks of pairs of enantiomers. Neither significant sulfur--sulfur interaction nor π--π stacking was found. The dynamic behavior of **1** was examined using DFT calculations at the B3LYP/6-31G(d) level of theory in order to estimate the racemization barrier. The calculated racemization energy of **1** (15.8 kcal mol^--1^), which is slightly lower than that of **WNG** (18.9 kcal mol^--1^),[@cit17] indicates that **1** racemizes rapidly in solution at ambient temperatures and that the separation of the enantiomers of **1** could be quite difficult.

![(a) Synthesis of **1** and **2**. Reaction conditions: (a) **4**or**6** (8--10 equiv.), Pd~2~(dba)~3~·CHCl~3~ (0.2 equiv.), SPhos (0.4 equiv.), Cs~2~CO~3~ (10 equiv.), toluene/H~2~O = 2 : 1, 80 °C, 48 h; (b) *p*-chloranil (10 equiv.), MsOH/CH~2~Cl~2~ = 1 : 10, 0 °C, 1.5 h; (c) I~2~ (5 equiv.), propylene oxide (100 equiv.), *hν*, toluene, r.t., 48 h. Bpin = pinacolatoboryl, dba = (dibenzylidene)acetone; SPhos = 2-dicyclohexylphosphino-2′,6′-dimethoxybiphenyl. (b and c) ORTEP of **1** (b) and **2** (c) with 50% thermal probability. (d and e) Packing structure of **1** (d) and **2** (e); side (top) and top view (bottom). Solvent molecules are omitted for clarity.](c8sc04470h-s1){#sch1}

We also attempted to prepare decathiaWNG (**8**), which bears ten thiophene moieties, *via* the same synthetic strategy as that used for **1**. Compound **7** was obtained in 74% yield from the coupling reaction of **3** and 3-bromo-5,5′-dimethyl-2,2′-bithiophene (**6**),[@cit40] and **7** was subsequently subjected to a Scholl reaction with *p*-chloranil and MsOH, which resulted in unidentified mixtures instead of **8**. Thus, we changed our synthetic strategy to a stepwise cyclodehydrogenation of **7**, *i.e.*, a sequential photocyclization and Scholl reaction. The photocyclization of **7** was carried out at room temperature under argon atmosphere for 2 days. The targeted thiophene-containing quintuple helicene (**2**) was obtained in 20% yield.[@cit41] The ^1^H NMR spectrum of **2** showed five singlets in the aromatic region (6.7--8.3 ppm), which correspond to the hydrogen atoms at the β-positions of the thiophene moieties. This result indicated that **2** exhibits *C*~2~-symmetry in solution rather than a *D*~5~-symmetric propeller-shaped structure. An X-ray crystallographic analysis revealed that **2** was obtained as a racemic mixture of conformer **D** ([Fig. 2a](#fig2){ref-type="fig"}) and its enantiomer. Upon heating in 1,1,2,2-tetrachloroethane-*d*~2~ to 70 °C for 3 days, the thus-obtained **2** gradually decomposed, and insoluble solids were formed. The Scholl reaction of **2** was attempted, using *p*-chloranil and MsOH; however, compound **8** was not found in the reaction mixture.

![(a) Optimized conformers of **2** (**A--D**) with the helicity of the helicene moieties (*P* or *M*) and the Gibbs free energy values (Δ*G*/kcal mol^--1^) relative to that of **A** calculated at the B3LYP/6-31G(d) level of theory. (b) Energy diagram of the ground states and transition states of **2** (Δ*G*/kcal mol^--1^).](c8sc04470h-f2){#fig2}

Conformational studies of **2**
-------------------------------

To further understand the conformations of **2**, we carried out DFT calculations for the analysis of its structures and dynamic behavior. Considering the combinations of the helicity of each dithia\[6\]helicene moiety (*P* or *M*; [Fig. 2a](#fig2){ref-type="fig"}), eight stereoisomers, including four pairs of enantiomers of **2** \[**A** (*PPPPP*), **B** (*PPPPM*), **C** (*PPPMM*), and **D** (*PPMPM*), as well as their enantiomers (**A\*--D\***)\], were obtained as local minima, similar to the previously reported **QH**.[@cit38] Given the rapid bowl-inversion of the corannulene moieties, it can be expected that **A** and the other stereoisomers (**B--D**) afford NMR spectra that are characterized by *D*~5~- and *C*~2~-symmetry, respectively. The *C*~5~-symmetric structure **A** emerged as the most stable conformation, and the Gibbs free energy values of **B**, **C**, and **D** relative to that of **A** are 2.9, 7.0, and 2.1 kcal mol^--1^, respectively. Ten transition states (TSs), which correspond to the chiral inversion for each dithia\[6\]helicene moiety, were identified and the conversion barrier from **D** to **A** of 33.6 kcal mol^--1^ was calculated ([Fig. 2b](#fig2){ref-type="fig"}). According to these calculations, it can be concluded that conformer **D** and its enantiomer (**D\***) were formed kinetically by the photocyclization reaction at ambient temperature without conformational change due to the relatively high conversion barrier. It is characteristic of some multiple helicenes that relatively unstable conformations are formed at low or ambient temperature.[@cit25],[@cit30],[@cit42]--[@cit44]

Photophysical properties
------------------------

The UV-Vis absorption and fluorescence properties of **1** and **2** were investigated, as summarized in [Fig. 3](#fig3){ref-type="fig"}. The absorption maximum of **1** appears at 426 nm with two shoulders at 460 nm and 485 nm; the maximum absorption of **1** is slightly red-shifted compared with that of **WNG** (Fig. S3[†](#fn1){ref-type="fn"}). The emission spectra of **1** displays one maximum emission at 490 nm with two shoulders at 520 nm and 558 nm. The fluorescence quantum yield of **1** (*Φ*~F~ = 0.08) is much lower than that of **WNG** (*Φ*~F~ = 0.26).[@cit17] The absorption maximum of **2** appears at 370 nm with three shoulders at 417 nm, 453 nm and 481 nm. The emission spectra of **2** displays one maximum emission at 502 nm with one shoulder at 534 nm. Both maximum absorption and emission of **2** exhibit a hypsochromic shift compared to that of **QH**. The fluorescence quantum yield of **2** is low (*Φ*~F~ = 0.02) and similar to that of **QH** (*Φ*~F~ = 0.03).[@cit38] According to DFT calculation, HOMO energy of **1** and **2** (--5.09 eV and --4.97 eV) are higher than those of pristine **WNG** and **QH** (--5.11 eV and --5.28 eV) reflecting the electron donation effect of the thiophene moieties (Fig. S7[†](#fn1){ref-type="fn"}).

![UV/Vis absorption spectra (solid line) and fluorescence spectra (broken line) of **1** (gray) and **2** (blue) in CH~2~Cl~2~. The fluorescence spectra were obtained by irradiation at 445 nm (**1**) and 380 nm (**2**).](c8sc04470h-f3){#fig3}

Conclusions
===========

We have successfully synthesized **WNG** analogue **1**, which bears five fused thiophenes in the **WNG** structure, and quintuple helicene **2**, which bears ten thiophene moieties. The synthesis of **1** was achieved by a Scholl reaction using *p*-chloranil and methanesulfonic acid. The crystal structure of **1** and the corresponding DFT calculations reveal that **1** exhibits negative curvature and flexible conformations owing to the presence of five heptagons. The photophysical properties of **1** are characterized by broad emission signals with low quantum yield compared to its all-benzene analogue (**WNG**). The synthesis of **2** was accomplished by a photocyclization reaction, and a theoretical study was conducted to investigate the dynamic conformations of **2**. This study identified four pairs of enantiomers (**A--D** and **A\*--D\***) as ground states and ten transition states between these ground states. The developed synthetic strategies may provide guidelines for the design and synthesis of other heteroatom-containing nonplanar π-systems.
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